Small angle neutron scattering (SANS) method was applied to investigate morphology of cavities in superplastically deformed 3 mol% yttria stabilized tetragonal zirconia polycrystals (3Y-TZP). The 3Y-TZP specimens were deformed in tension at 1723 K with an initial strain rate of 3.3 × 10 −4 s −1 in the air to pre-determined nominal strains ranging from 0.0 to 200%. Three kinds of SANS instruments having individually different scattering vector ranges were used. Results obtained from a pinhole SANS instrument revealed that initially fine and equi-axed cavities evolved, with the progress of the deformation, into the anisotropic ones with their longest diameters parallel to the tensile direction. Results obtained from a double bent-crystal and a Bonse-Hart SANS instruments showed that the average radius of all cavities existing in the specimens decreased initially with increasing nominal strain, but subsequently this trend was reversed when the nominal strain exceeded about 100%. Specific surface of cavities began to increase at a nominal strain of approximately 20%. Size distributions obtained from the SANS data showed that highest peaks appeared at a cavity radius of around 200 nm for each of the specimens deformed to different strains, which indicated that the cavities with radius of around 200 nm accounted for the largest in number among all the cavities existed.
Introduction
Cavitation behavior in ceramic materials is one of significant indicators relating to the physical mechanism of superplastic deformation. 1, 2) It has been well recognized that room temperature mechanical properties, such as strength and fracture toughness of superplastically deformed zirconia based ceramics, can be affected considerably by cavities existing at grain boundaries or phase boundaries. [3] [4] [5] [6] [7] [8] The presence of cavities may also influence thermal, 9) electrical properties and other functions of the ceramics. Generally, cavitation behaviors in superplastic materials have been investigated by means of bulk density measurements 3, 8, [10] [11] [12] [13] and image processing methods with optical micrographs (OM) 1, [14] [15] [16] and/or scanning electron micrographs (SEM). 2, 4, 6, [17] [18] [19] [20] [21] However, careful attention must be paid when these methods are to be used: Because, the conventional Archimedes' method for bulk density measurement might not include cavities with very large sizes existing on specimen surfaces into the volume fraction of cavities, the observation by means of OM might overlook small cavities, or SEM should be taken for a quite wide area to characterize large cavities more precisely. 20) The small angle neutron scattering (SANS) method has been used to study microstructural phenomena in the range of about 1 to 10 4 nm in size. Since it can cover a wide range of sizes, this technique is particularly useful in studies of ceramic processing, fine flaws existing in ceramics, 22, 23) and so forth. The SANS method has been applied to the investigation of porosity in plasma-sprayed materials 24, 25) and of sintering * 1 Corresponding author: Email: stefanus@ipc.ibaraki.ac.jp * 2 Graduate Student, Ibaraki University. effects in a nanostructured zirconia. 26) Up to date, however, only a limited number of experiments using SANS has been published on the investigation of cavitation behaviors during superplastic deformations.
This paper reports an application of the SANS method to study cavitation behaviors in 3 mol% yttria-stabilized tetragonal ZrO 2 polycrystals (3Y-TZP) which were pulled under an optimum superplastic condition. Three kinds of SANS instruments having individually different scattering vector (Q) ranges, which permit us to evaluate cavities with sizes (radii) ranging from about 3 nm to 10 µm, were utilized. The cavitation behaviors were evaluated by analyzing scattering curves obtained from the SANS measurements. The results were discussed with those obtained from an image processing on SEM and an Archimedes' method that were carried out independently for the present specimens.
Experimental Procedures

Sample preparation
The material used in this study was a fine-grained 3Y-TZP. The initial average grain size was 390 nm. deformed 3Y-TZP specimen with a nominal strain of 198% is shown in Fig. 1 . Cavities are indicated with arrows. Both small cavities and large cavities resulted from their growth and/or coalescence were observed on the surface of the specimen. Some of the cavities were found to coalesce with nearby cavities mostly parallel to the tensile direction.
SANS experiments
Characterization of cavities was performed by means of small angle neutron scattering and an image processing on SEM taken on the specimen surfaces after polishing and thermal etching. A detailed procedure of the image processing on SEM used in the present investigation has been reported elsewhere. 20) Therefore, the procedure for the present SANS experiments is described here.
The SANS experiments have been conducted at a pinhole system and two kinds of double-crystal (DC) system instruments. The pinhole system was the collimator instrument (V4) 27) of the Hahn-Meitner Institut (HMI), Berlin, Germany, while the DC systems were the high resolution double bentcrystal instrument (DN-2) 24) of the Nuclear Physics Institute (NPI), Rez, Czech Republic, and the ultra high resolution Bonse-Hart instrument (S18) 28) of the Institut Laue-Langevin (ILL), Grenoble, France. Figure 2 (a) shows a schematic view of the collimator SANS instrument, which is equipped with a two-dimensional 3 He-detector with 64 × 64 elements of 10 × 10 mm 2 . Measurements were made at two kinds of sample-to-detector distances of 4 and 16 m, in which the shorter distance realized a wider Q range. The wavelength used was of 0.6 nm, and this permitted us to obtain Q in the range from about 0.05 to 1 nm −1 . Assuming the conversion between Q and real scales based on the sampling theorem, r ∼ = π/Q (r is cavity radius), this range corresponds to the size (cavity radius) in the real space from about 60 to 3 nm. The geometrical arrangement of specimen set-up for the measurements is shown in Fig. 2(b) . A schematic view of the double bent-crystal (DBC) SANS instrument is shown in Fig.  3(a) . Monochromatic neutrons (wavelength of 0.21 nm) scattered from the sample enter into the Si analyzer through its end face and pass the crystal along its longest edge. SANS spectra are collected at 1-dimensional position sensitive detector. The measurements at the DBC instrument were carried out at a Q range from 4 × 10 −3 to 4 × 10 −2 nm −1 , which corresponds to the size in the real scale from about 750 to 75 nm, respectively. A schematic view of the Bonse-Hart SANS instrument is shown in Fig. 3(b) . Neutrons with a wavelength of 0.19 nm were used to record the scattering curves in the Q range of 3 × 10 −4 to 1 × 10 −2 nm −1 , which corresponds to the size in the real scale from about 10 µm to 300 nm, respectively. Unlike the pinhole SANS instrument, the DC systems (DN-2 and S18) measure the scattering intensity integrated over the vertical component of scattering angle. In order to get information about the anisotropy of the sample microstructure, we had to measure the specimen oriented both vertically and horizontally with respect to the scattering (horizontal) plane, as shown schematically in Fig. 3(c) . The SANS data measured at the DC system instruments were evaluated with the use of the procedure, 29) which permits to take into account multiple scattering and instrumental corrections for double crystal instruments and can fit model parameters simultaneously to the data measured at different experimental arrangements. Figure 4 shows 2-d SANS profiles of an undeformed 3Y-TZP specimen and of a 198% deformed specimen measured at the pinhole SANS instrument with the detector located at the sample-to-detector distance of 16 m. Only asymptotic Porod scattering was observed in the measured range of Q, giving information about the total specific surface of cavities but not about their sizes or volume fraction. However, since this instrument provides 2-dimensional data, it is easier to see directly the anisotropy of the cavities. The distribution of scattering intensity with respect to the beam center was nearly circles as seen in Fig. 4 (a), whereas anisotropic closed curves as seen in Fig. 4 (b). This is due to the difference of cavity shapes, i.e., the cavities were nearly spherical or if the cavities had anisotropic shapes they would be initially randomly oriented in the undeformed and slightly deformed specimens, while they were kinds of rotation-ellipsoids with their longest diameters parallel to the tensile axis in the specimens subjected to large superplastic strains. Note that SANS shows the dimensions in reciprocal space.
Results and Discussion
Results from pinhole SANS measurements
The 2-dimensional SANS profiles permitted to evaluate the mean aspect ratio of cavities as a function of strain. A model of cavities in the form of rotation-ellipsoids with the longest diameters parallel to the applied stress direction has been fitted directly to the 2-dimensional SANS patterns. The relevant parameters were only the aspect ratio and specific surface of the ellipsoidal cavities. The obtained mean aspect ratio of cavities, As C , is displayed in Fig. 5 as a function of nominal strain, e. Both the measurements at two different sample-to-detector distances led to similar values of As C . Since only the asymptotic Porod scattering law with intensity decreasing as Q −4 at the Q range was obtained in these pinhole measurements, no information was obtained concerning each cavity size. In other words, the As C values should be considered as an average one over all cavities existing in the system, weighted by their specific surfaces. It is evident from Fig. 5 that the initially equi-axed cavities change into anisotropic ones with increasing e. The As C values obtained from the SEM image processing for the present specimens are also plotted in Fig. 5 . They were evaluated as the ratio of the average longitudinal cavity-diameter to the average transverse cavity-diameter, measured parallel to and perpendicular to the tensile direction, respectively. For each specimen, ten isolated cavities before coalescence ranging from the largest one to the tenth largest one were taken into account. The scat- ter of the data obtained from SEM was relatively large, but the data show similar trend with those obtained from the pinhole SANS experiment. Figure 6 shows scattering curves measured at the DBC and Bonse-Hart SANS instruments for vertical specimen orientation. We can see that, except for the deformations up to e of about 10%, the scattering intensities for all Q increase with raising e due to the growing volume fraction of cavities. The curves turn down around certain values of Q ( ∼ = 9 × 10 −3 nm −1 ), making knee-like flections. The Q value at the flexed position indicates the mean size (radius), r, of cavities accounting for the largest in number among all cavities existing in the specimens, since the scattering intensity is proportional to the product of cavity volume fraction multiplied by cavity size. That is that, the scattering intensity may decrease monotonously with increasing the scattering vector, Q, if the volume fraction for each of cavities with different sizes is kept constant, whereas the size distribution shows a peak at r of around 200 nm (see Fig. 9 ), and the total scattering intensity is the product of these values. For each specimen, the data obtained at both DBC and Bonse-Hart instruments measured in both vertical and horizontal orientations were fitted simultaneously, using a single set of model parameters. As the model, we have assumed two sets of cavities with sizes (radii) varying between 20 nm and 10 µm. For the first set, cavities were assumed to have shapes of spheres, while they were rotation-ellipsoids with the longest diameters parallel to the tensile direction for the second set. For each set, the size distribution of cavities was represented by 15 cubic splines on logarithmic scale. The bulk material was assumed to be homogeneous with the scattering length density of 5.53 × 10 10 cm −2 corresponding to the mass density of 3Y-TZP. 10, 20) The spline amplitudes and aspect ratios of the ellipsoids were considered as free parameters. This process permitted us to fit successfully all measured data in the whole Q range. However, it does not mean that there are only two different shapes of cavities existing in the specimens. Real cavities have irregular shapes, but the cavities can be described effectively as simple spheres or ellipsoids, since the measured scattering signals from individual cavities are averaged over a large sample volume. Therefore, this model will be considered to be an effective model, for evaluating characteristics of the cavities, like volume fraction, specific surface, average radius and aspect ratio.
Results from DC (DBC and Bonse-Hart)-SANS measurements
The volume fraction of all cavities, V C , evaluated from SANS data is shown in Fig. 7 . As expected, V C increased with raising nominal strain, e. For the undeformed specimen, the V C value was approximately 0.27%, showing the presence of residual pores left during the sintering process. The volume fraction of residual pores agrees well with the area fraction value, 0.26%, measured by the SEM image processing. Another measurement of V C has been done using an Archimedes' method. For the undeformed specimen, the density was 6.06 g/cm 3 , 20) while the theoretical density of 3Y-TZP is calculated to be 6.09 g/cm 3 . 10) Consequently, the volume fraction of residual pores left from the sintering process is estimated to be about 0.50%, which is still considered to be in a good agreement with SANS and SEM results because of the wide experimental error this value may have. It is seen from Fig. 7 that there was no significant increase in V C when the nominal strains were smaller than about 10%. This tendency was also observed by the SEM image processing, though there was large increase in cavity number in an early stage of tensile deformation. 20) It seems, therefore, that fine cavities newly formed have little contribution to V C . The plot of log V C versus true strain, ε(ε = ln(e + 1)), in Fig. 7 shows clearly the exponential dependence of V C on ε, i.e., V C ∝ exp(2.76ε). This tendency is consistent with the data obtained by Wakai and Kato 3) for 20%Al 2 O 3 /3Y-TZP showing a linear relationship between logarithmic density loss and true strain. Taking the theories derived by Ridley and Wang 30) into consideration, the linear relationship between the log V C and ε obtained here probably indicates that cavity growth mechanism in our specimens is mainly controlled by plastic flow. However, it must be noted that this approximation was conducted using all cavities including those newly nucleated and those coalesced. Figure 8 (a) displays the average radius of all cavities existing in the specimens, r ave. , measured by SANS as a function of e. Initially, the r ave. value decreased with increasing e, but subsequently this trend was reversed when the e exceeded about 100%. This is probably attributed to the fact that cavities newly formed during the superplastic deformation have initial sizes smaller than the residual pores. 20) That is, since the fine new cavities were formed continuously during the deformation, the r ave. value decreased at the early stage. As the deformation continued, however, the cavities grew and some of them coalesced with nearby cavities into larger cavities, leading to the increase in the r ave. value. If this is the case for the present specimens, results shown in Fig. 8(a) indicate that significant cavity growth and/or coalescence began to occur at e larger than about 100%. Figure 8 (b) displays the measured specific surface, i.e., the surface area of cavities per unit sample volume, S/ V , as a function of e. As can be seen, the variation in S/ V value is insignificant for e up to about 10%, but subsequently increases with raising the strain, similarly to those of V C shown in Fig. 7 . A linear relationship between e and S/ V is observed after subtracting the contribution of residual pores from the measured S/ V . The extrapolation of S/ V to null gives a nominal strain value, from which the specific surface of cavities starts to increase. In our experiment, this value was estimated to be 20% (≡ e 0 ). Cavities formed during the superplastic deformations up to a nominal strain of about 20% were not observed by SANS, suggesting that their sizes and volume fraction would be too small to be observed in the background from residual pores initially existed in the material before the deformation.
The distribution function for cavity radius, D(r), is shown in Fig. 9 . The integral of D(r) within certain interval of r gives the volume fraction of cavities within the corresponding interval. The D(r) shows the highest peak at r around 200 nm for each specimen with different e, which corresponds to the position of the flection appeared in Fig. 6 . The major part of volume fraction of all cavities existing in each spec- imen is therefore occupied by the cavities with the radii of about 200 nm, which correspond to the mean grain radius of the specimen. This value is very similar to the mean radius, 150 nm, 20) of the cavities determined by the SEM image processing. A separated left-hand peak at small r of approximately 40 nm is also observed. However, the SANS data do not unambiguously proof the presence of such small isolated cavities. Since the smallest cavity size is evaluated to be 80 or 60 nm for diffusion controlled or plastic flow controlled process, respectively, 20) this left-hand peak can be a result of assuming the cavity shapes too simply. As seen on the SEM image shown in Fig. 1 , the real cavities have irregular shapes, which make the ratio of surface to volume always larger than that of a smooth sphere or ellipsoid with the equivalent volume. Consequently, the fitting procedure can create additional peak at small radii in order to match the increased specific surface due to these irregularities. Future simultaneous treatment of both pinhole and DC-SANS data should clarify the origin of this peak. Nevertheless, it seems that this peak at small radii is connected with changes in porosity caused by superplastic deformation, as the peak is not present in the specimens deformed to e of 0.0% and 10%.
At e = 29.3% an overlap of two peaks with their positions of r ≈ 100 nm and r ≈ 200 nm in which the first one is higher, is observed. The peak at r ≈ 100 nm is probably due to the newly formed cavities which may subsequently grow until they reach the size of surrounding grains. At e ≈ 98.6% the right side peak of overlap becomes larger, and at later stages of deformations the peak at r ≈ 100 nm was difficult to resolve. This may indicate that the majority of the newly formed cavities have grown rapidly to the average grain size of the specimen but after that the growth rate is decreased and consequently showed the main peak at r ≈ 200 nm. These results imply the following processes to occur: Grain boundary sliding during the superplastic deformation raise high local tensile stresses at grain boundary triple point junctions, which promote nucleation of cavities there when accommodation processes are not rapid enough to relax the local stresses. The cavities grow rapidly as soon as they are formed, since the local tensile stresses may be still high enough when the sizes of cavities are still quite smaller than the grain size. The growth rate of the cavities becomes slow with the increase in their sizes due to the relaxation of local stresses. When the cavity sizes reach at the size of surrounding grains (r ≈ 200 nm), the local stresses may be almost released and only the average applied stress existing at the whole gauge length may operate the subsequent cavity growth. For e = 149 and 198%, peaks at right-hand side are observed, indicating further growth by coalescence of multiple cavities, again in agreement with SEM data.
3.3
Comparison between the DC-SANS, the SEM image processing and the Archimedes' method The volume fraction of all cavities, V C , measured by the Archimedes' method and the area fraction of all cavities, A C , by the SEM image processing 20) are displayed in Fig. 10 together with the result of the DC-SANS method. Here, the contribution of residual pores remained after the sintering process was subtracted to show only the results of cavitation during the deformations. As can be seen, both Archimedes and SANS methods give similar results for whole e range. They agree also well with the area fractions obtained by the SEM image processing for e below about 100%. At larger strains, however, the area fractions evaluated from SEM are fairly higher.
To clarify this difference, we have calculated the DC-SANS scattering curves directly from SEM. 31) We have used the same SEM converted to black and white bi-level-formats, on which the image processing was done. A typical result is displayed in Fig. 11 for the specimen deformed to e = 149% together with the measured one already shown in Fig. 6 . The calculated curve agrees well with the measurement, except for the small Q region. It indicates that the small cavities observed on SEM are well identified and represent really the bulk microstructure of the specimen, which contributes to SANS signals. On the other hand, the difference appeared at the small Q region may be due to the large cavities for which the calculation did not work well. Such big cavities exist only in small number on the SEM, but they contribute significantly to the total scattering intensity, particularly at the small Q region. Consequently, accuracy in this region of the calculated curve is low due to the statistical fluctuation in the number, size and shape of large cavities present on the SEM. The followings are other possible explanations for this difference: (1) The large cavities observed on SEM might not be distributed uniformly in the sample volume measured by SANS, or (2) the large cavities had jagged surfaces which might affect the neutron scattering, or (3) the large cavities observed on SEM might be evaluated larger due to the cavity identification procedure 20) which might interpret some regions of the 3Y-TZP matrix as parts of the cavities.
Conclusion
Morphology of cavities in the superplastically deformed 3Y-TZP specimens was investigated by means of three kinds of SANS instruments having individually different scattering vector (Q) ranges that permit us to evaluate cavities with sizes (radii) ranging from 3 nm to 10 µm. Results obtained in this study are summarized as follows:
(1) Measurements by means of a pinhole SANS instrument revealed that equi-axed cavities changed into anisotropic ones with their longest diameters mainly parallel to the tensile direction with the progress of the deformation. The aspect ratio of cavities became approximately 1.2 at a nominal strain of about 200%.
(2) The average radius of all cavities existing in the specimens decreased initially with increasing nominal strain, but subsequently this trend was reversed when the nominal strain exceeded about 100%.
(3) The specific surface of cavities started to increase when the applied nominal strain reached about 20%. The volume fraction of all cavities obtained by SANS agreed quite well with the result of the Archimedes' method, and is close to that of the image processing method on scanning electron micrographs.
(4) Size distribution functions obtained from SANS data showed that the cavities with radius of around 200 nm accounted for the largest in number among all the cavities existing in a specimen. Almost the same tendency was observed also for all other specimens having different nominal strains.
(5) We can conclude that the SANS method is quite use-ful for characterizing cavities, i.e., the volume fraction, specific surface, size distribution and anisotropy (aspect ratio) of the cavities including nanometer-sized ones can be evaluated more precisely than the conventional methods, because it is free from the disadvantages the Archimedes' and the image processing methods may have.
